The vertebrate gene FER encodes two protein-tyrosine kinases with molecular weights of 51 000 and 94 000 and distinctive aminotermini. The larger kinase is expressed ubiquitously among vertebrate tissues, whereas expression of the smaller kinase appears to be limited to spermatogenic cells in the testes. Here we show that Drosophila melanogaster contains an apparent ortholog of FER (DFer) that also produces two mRNAs by separate initiation of transcription, and two proteins with molecular weights of 45 000 and 92 000. Both proteins are in part loosely associated with cytoplasmic membranes. Both can transform avian and rodent cells with roughly equal potency, when expressed from retroviral vectors. Fusing the myristoylation signal from the SRC protein-tyrosine kinase to the aminoterminus of the DFer protein increased the strength of attachment to membranes but augmented transformation only marginally. The results provide the ®rst demonstration of neoplastic transformation by a protein-tyrosine kinase of Drosophila and by FER from any species. The products of Drosophila and vertebrate FER may be part of similar signaling pathways in the two species.
Introduction
Proto-oncogenes were discovered as progenitors of retroviral oncogenes and have since been implicated in the genesis of human malignancies . Although it is generally clear that these genes encode components of intracellular signalling pathways, the physiological functions of most proto-oncogenes remain obscure. One approach to this problem is genetic analysis in Drosophila melanogaster, which can be used to reveal both the physiological functions of a gene and the details of the signalling pathway(s) within which the gene product functions (Perrimon, 1993) .
Counterparts of diverse proto-oncogenes have been found in Drosophila melanogaster (Homann, 1989) , although the structural resemblance between the vertebrate and invertebrate cognates is often far from complete. Moreover, many proto-oncogenes are members of multigene families, which tend to be smaller in Drosophila than in vertebrates (Homann, 1989) . As a result, it is not always possible to designate an exact invertebrate ortholog for a particular vertebrate protooncogene, and in such instances, each member of the proto-oncogene family may have more diverse functions in Drosophila than in vertebrates.
One approach to address the functional analogies between vertebrate proto-oncogenes and their counterparts in Drosophila has been to explore the ability of the Drosophila genes to transform cells in culture. For example, transformation of vertebrate cells has been reported with two wild type Drosophila genes: wg, the ortholog of vertebrate Wnt-1 (Ramakrishna and Brown, 1993) ; and sos, which encodes a guaninenucleotide exchange protein (Egan et al., 1993) . In addition, transformation has been achieved with chimeras between a mutant allele of human HRAS and two Drosophila RAS genes (Schejter and Shilo, 1985) , and chimeras between the retroviral oncogene vabl and Drosophila abl (Holland et al., 1990) . We now describe the ®rst example of cellular transformation by a wild type, protein-tyrosine kinase (PTK) gene from Drosophila, the apparent ortholog of the vertebrate FER gene (Katzen et al., 1991) . The results also represent the ®rst demonstration of transformation by FER from any species.
FER was ®rst identi®ed in the DNA of humans and rats (where it has also been known as TYK-3 and FLK, respectively) and proved to be a relative of the protooncogene FPS/FES (Letwin et al., 1988; Hao et al., 1989; Pawson et al., 1989) . FER and FPS/FES encode cytoplasmic PTKs with a characteristic topography (Figure 2b ), featuring a catalytic domain like that found in other PTKs (Hanks et al., 1988) , an SH2 domain designed to interact with protein domains bearing phosphotyrosine (Pawson, 1995) and a relatively long aminoterminal domain that best distinguishes FER from FPS/FES and other PTKs .
Further study of FER in mice revealed that it diers from FPS/FES by the production of two protein products: one with a molecular weight of 94 000, translated from the full-length mRNA for the gene and expressed in many cells and tissues (Letwin et al., 1988; Hao et al., 1989; Pawson et al., 1989) ; the other with a molecular weight of 51 000, translated from a shorter mRNA that, to date, has been found only in spermatogenic cells of testes Keshet et al., 1990) . The smaller protein is notable in that it lacks the extended unique region at the aminoterminus, while sharing the SH2 and kinase domains with the longer protein ( Figure 2b ).
We previously reported the isolation of a Drosophila gene apparently related to FPS/FES, which we designated as dfps85d to denote its genetic kinship and chromosomal location (Katzen et al., 1991) . In the interim, we have learned that the Drosophila gene also gives rise to two mRNAs and two proteins, in a manner very similar to that of vertebrate FER. The two proteins encoded by DFer have molecular weights of 92 000 (p92dfer) and 45 000 (p45dfer). As a result of these ®ndings, we now consider the Drosophila gene to be the ortholog of vertebrate FER and, accordingly, have changed its designation to DFer.
Here we report the topography of DFer and its transcription, the amino acid sequence of p45dfer, and properties of the two DFer proteins. Both proteins are in part loosely associated with cytoplasmic membranes. Both can transform vertebrate cells with approximately equal potency when expressed from retroviral vectors. The potency compares favorably to that of the human FES proto-oncogene and even the viral oncogene v-fps. The results suggest that the PTKs encoded by Drosophila and vertebrate FER may share at least some substrates in vertebrate cells and, thus, may be part of analogous signaling pathways in the two species.
Results

A Drosophila ortholog of vertebrate FER
We have reported previously the isolation of a Drosophila gene related to the proto-oncogene FPS/ FES and designated dfps85D (Katzen et al., 1991) . In that report, we described a single 3.3 kilobase (kB) mRNA for the gene, encoding a protein with a molecular weight of ca. 92 000 (p92dfer). During further study, however, we encountered a partial cDNA clone (9C13) that contained 422 base pairs of previously unidenti®ed sequence, fused to a sequence encoding the entire SH2 domain and a portion of the kinase domain present in the 3.3 kb mRNA. The fusion occurred at a splice acceptor site used in the 3.3 kb mRNA, and the 422 nucleotides did not correspond to genomic sequence immediately 5' of the exon that encodes the SH2 domain. We therefore suspected that cDNA 9C13 might represent an additional mRNA for DFer.
We used primer-extension to identify the 5' end of the presumed mRNA. The 3' end was characterized by PCR, using primers from the 5' end of 9C13 and the 3' untranslated region of the 3.3 kb mRNA. The results from three analyses indicated that 9C13 is a partial cDNA for a mRNA of ca. 2.3 kb in size (data not shown). Although the 2.3 kb mRNA has not been apparent in Northern blots of Drosophila RNA, we have been able to detect it by analysis with S1 nuclease and hybridization in situ.
The nucleotide sequence of 9C13 is shown in Figure  1a . A coding domain opens with an AUG that is located in-frame with the SH2 domain downstream, and 30 nucleotides 5' of recognizeable sequence from the previous cDNA for DFer. The AUG is preceded by termination codons in all three reading frames and is situated in a sequence context typical of initiation codons in Drosophila (Cavener, 1987) . The protein encoded by the 2.3 kb mRNA has a molecular weight of ca. 45 000 and we have designated it as p45dfer (Figure 1b) . It diers from the larger product of dfps85D in only one way (Figure 2b ): the ®rst 423 aminoterminal residues of the larger protein are replaced by an entirely dierent sequence of 10 amino acids, distinguished by its lack of identi®able motifs.
The original isolation of dfps85D depended upon its similarity to the vertebrate proto-oncogene FPS/FES (Wilks and Kurban, 1988) . But the amino acid sequence encoded by the Drosophila gene is equally similar to that encoded by vertebrate FER (Katzen et al., 1991) . FPS/FES gives rise to only one mRNA and one protein (Wilks and Kurban, 1988) . In contrast, FER is transcribed into two mRNAs that encode two proteins, and the topographies of the two proteins resemble those described here for dfps85D. We therefore consider the Drosophila gene to be the ortholog of vertebrate FER and have renamed it DFer.
We compared the amino acid sequence of the protein encoded by dfps85D to the sequences of all known PTK's. Greatest resemblance was found with the products of vertebrate fps and a related gene known as fer (Figure 1c ). The extents of the resemblances to fps and fer were virtually identical.
The topography of DFer
Preliminary analysis by restriction mapping suggested that DFer spans more than 50 kbp of DNA. Further analysis by mapping and DNA sequencing revealed the topography shown in Figure 2a . The 3.3 kb mRNA arises from 13 exons, the 2.3 kb mRNA from 7 exons, all but one of which is shared with the 3.3 kb mRNA.
The two mRNAs might be produced by either alternative splicing or separate initiations of transcription. To distinguish between these, we used mapping with S1 nuclease, direct sequencing of RNA, and 5' RACE to determine the sites at which transcription of the two mRNAs initiates (data not shown). We were able to locate the site of initiation for the 3.3 kb mRNA decisively, 698 bp upstream of the ATG for p92dfer (ATG-1; see Figure 2a ). The results of primerextension and 5' RACE combined to locate the initiation site for the 2.3 kb mRNA, 497 bp upstream of the ATG for p45dfer (ATG-2; see Figure 2a ). Our eorts to further substantiate this conclusion with S1 mapping were inconclusive. In any event, none of our results provided any evidence that the 2.3 kb mRNA is produced by alternative splicing. We conclude that the two mRNAs for DFer are produced by separate initiations of transcription, with the sites located as indicated in Figure 2a .
Expression of the two mRNAs for DFer
We used analysis with a cDNA probe and S1 nuclease to detect the expression of the two DFer mRNAs. The cDNA for the 2.3 kb mRNA was used to prepare a probe that would give highly distinctive products when hybridized to one or the other mRNAs and then cleaved with S1 nuclease (Figure 3a) . Analysis of RNA from Drosophila embryos revealed the presence of both mRNAs throughout the course of development, from embryogenesis into adulthood ( Figure 3b ; the signal representing the 2.3 kb mRNA was weak at several stages but was visible at all stages of development in the Neither the 2.3 kb nor the 3.3 kb mRNA were expressed as maternal message. These results are in accord with our previous report on the expression of the 3.3 kb mRNA alone (Katzen et al., 1991) . As anticipated from the results with Northern blots, the smaller mRNA was much less abundant than the larger. We have previously reported the use of hybridization in situ to detect expression of DFer in diverse portions of the embryo (Katzen et al., 1991) . We have now repeated this analysis on whole amounts of embryos, using probes that can distinguish the two mRNAs for DFer. The results were identical to those reported before; in particular, the two mRNAs were expressed in almost identical patterns, in multiple tissues and at every major stage of development (data not shown and see Katzen et al., 1991) . This is in striking contrast to expression of the smaller mRNA for vertebrate FER, which is apparently restricted to the testes Keshet et al., 1990) .
We have also attempted to analyse the expression of DFer by using antisera against the protein products described below. To date, we have only been able to detect the larger of the two gene products in extracts of embryos, a ®nding that re¯ects the relative abundance of the two mRNAs.
Alleles of DFer for cellular transformation
The order to further evaluate the expression of DFer and the ability of DFer to transform vertebrate cells, The ®rst 147 aminoterminal residues are based on the nucleotide sequence illustrated in (a), the remainder on previous data. The inferred protein has a molecular weight of ca. 45 000 and has been designated p45dfer. The ten amino acids at the aminoterminus of the protein are underlined to denote the portion of p45dfer that is distinctive from p92dfer. (c) Alignment of the proteins encoded by DFer (85D) and the vertebrate fps/fes and fer. Dots denote identities and dashes indicate conservative substitutions; gaps in the sequence were introduced to achieve maximum alignment of the several sequences. The locations of the SH2 and Kinase domains are marked we inserted various cDNAs into an avian (RCAS-BPA) and a murine (LNCX) retroviral vector. The ®rst infects and replicates in avian cells, but does not carry a selectable marker. The second infects but does not replicate in various rodent cells, and carries the gene for neomycin resistance to permit direct selection of infected cells.
We utilized the following cDNAs ( Figure 4a ): p92dfer and p45dfer; src-DFer, in which the ®rst 14 aminoterminal codons of v-src were fused in frame with p92dfer, a modi®cation that should facilitate ®rm binding to cytoplasmic membranes (Kaplan et al., 1988) ; the viral oncogene v-gagfps (Shibuya and Hanafusa, 1982 ) and a derivative v-fps, in which only the fps domain is expressed from an AUG provided by the vector; and wild type human FPS/ FES (HuFES). The src : dFer allele was created on the chance that tighter binding to membranes might increase the potency of transformation by DFer, as it does for FPS/FES (Brooks-Wilson et al., 1989; Greer et al., 1995) . The transforming abilities of vgagfps and HuFES have been documented previously and served to authenticate our assays (Stone et al., 1984; Feldman et al., 1989) .
The proteins produced by various alleles of DFer are associated with cytoplasmic membranes
We authenticated the integrity of the cDNAs for DFer mRNAs by demonstrating their ability to produce suitable proteins. Mouse NIH3T3 cells infected with retrovirus carrying cDNA for either the smaller or larger mRNA contained a 45 000 M r or 92 000 M r protein, respectively, that could be detected by antiserum directed against DFer (Figure 4b ). These proteins were not detectable in uninfected cells. In unpublished work, we a b Figure 2 The topographies of DFer and its protein products. (a) The topography of DFer. The diagram illustrates the arrangement of exons and introns of DFer and the manner in which the gene is transcribed into mRNAs. The exons speci®c to the 3.3 kb mRNA are shown in black, the alternative exon represented only in the 2.3 kb mRNA as hatched, the exons shared by both mRNAs as open boxes. The drawing also indicates the locations of the inferred initiation codons for p92dfer (ATG-1) and p45dfer (ATG-2), and locations of cleavage sites for BamHI (B) and EcoRI (R). The drawing is approximately to scale, except for interruption of the large ®rst intron (greater than 24 kbp). (b) The proteins encoded by DFer. The diagram illustrates the two forms of mRNA generated from DFer and the topography of the proteins encoded by the mRNAs. AUG-1 and AUG-2 designate the initiation codons for p92dfer and p45dfer, respectively. The cross hatched region in the 2.3 kb mRNA arises from an exon that is not represented in the 3.3 kb mRNA (see 1a). The remainder of the nomenclature is as described in the text. The topography of the protein encoded by FPS/FES is identical to that of p92dfer Katzen et al., 1991) have detected the larger but not the smaller of these two proteins in extracts of Drosophila embryos. We presume that the smaller protein must be present in tissues because the mRNA is detectable there, albeit in relatively small quantities. For the present, we have limited our characterization of DFer proteins to the products of ectopic expression described here.
We assessed the subcellular distribution of the DFer proteins in clones of infected NIH3T3 cells (Figure 4c ). Approximately 40% of p92dfer was associated with crude membrane fractions and p45dfer displayed a similar distribution. In contrast, the src-DFer protein was almost entirely associated with membranes, as anticipated from its structure (Kaplan et al., 1988) . Virtually all of p92dfer could be removed from membranes by treatment with NaCl in concentrations of 0.3 M or higher (Figure 4d ), indicating that the attachment to membranes is neither covalent nor integral.
Transformation of chick embryo ®broblasts
Stocks of the avian retroviral vector RCAS-BPA carrying various inserts were used to infect fresh culture of CEFs, which were then propagated through several passages until any phenotypic changes had become fully manifest (typically, after 3 to 4 weeks in culture). Samples of the cultures were then tested for growth in soft agar. A portion of cDNA for the 2.3 kb mRNA was used as probe in S1 analyses. Cleavage with S1 nuclease gave distinctive products when the probe was hybridized to either the 2.3 kb or the 3.3 kb mRNA, as illustrated. (b) Expression of the two mRNAs through the course of Drosophila development. RNAs were extracted from various stages of development and analysed with the probe described in a Cells infected with either v-fps or HuFES displayed changes in morphology that were typical of transformation (Figure 5c and e) and grew into large colonies in soft agar (Figure 5d and f). The cDNAs for p92dfer and src-DFer also produced morphological transformation of CEFs (Figure 5g and i). The transformed cells grew in soft agar, but the resulting colonies were relatively small (Figure 5h and j). Cells infected with vector alone retained normal morphology and failed to grow in agar (Figure 5a and b) .
The appearance of cells growing on plastic and the size of colonies in agar suggested that v-fps and HuFES were more potent for transformation than either p92dfer or src-DFer ( Figure 5 ). Morphological transformation occurred more rapidly with src-DFer than with p92dfer, and the colonies obtained with srcDFer also formed more quickly and tended to be larger ( Figure 5 and data not shown). Enumeration of the colonies in agar also demonstrated transformation by all four constructs ( Table 1 ). All of the transformed cells cloned in agarose with an eciency of ca. 1%, irrespective of the transforming allele. Relative stability of membrane association. Cellular extracts were exposed to the indicated conditions prior to fractionation as described in the text. S denotes the soluble fraction, P the sedimented fraction
Expression of vectors in chick embryo ®broblasts
Expression of the various transforming genes in CEFs was examined by Western blotting. Cells transformed by v-fps, src-DFer and HuFES all contained readily detectable levels of the appropriate gene product (Figure 6a ). In contrast, p92dfer was detectable only with diculty, even though the cells were clearly transformed. Analysis with reverse transcriptase assays con®rmed that the cells were infected (data not shown). We know that the antiserum detected abundant DFer protein in other contexts so we conclude that expression of the gene in CEFs was poor but nevertheless sucient to achieve transformation. The poor expression might account for the small size of colonies in agar.
Transformation of rodent cells
The same set of genes was also tested for transformation of NIH3T3 and Rat-1A cells, using the MuLV vector LNCX. Since the viral vector could not replicate, we augmented the sensitivity of the test by ®rst isolating cells resistant to G418. Morphological transformation of NIH3T3 cells was readily apparent with v-fps, p92dfer and src-DFER, and in each instance, the transformed cells formed colonies in soft agar ( Figure 7 and Table 1 ). The appearance of cells in monolayer and of colonies in agar was distinctive for each of the genes (Figure 7) . The intensity of morphological transformation and the size of colonies in agarose again suggested that v-fps had greater biological potency than the other genes. As found previously with CEFs, src-DFer transformed 3T3 cells more rapidly than did p92dfer and the transformed cells grew into colonies in agarose more rapidly (data not shown). HuFES gave subtle morphological changes, at best, and none of the cloned cells grew in soft agar (Figure 7i and j) . In Rat-1A cells, we detected morphological transformation only with v-fps (data not shown), sustaining the view that this gene is particularly potent. But we were able to demonstrate vigorous growth in soft agar for pools of clones carrying v-fps, p92dfer or src : DFer, but not HuFES (Table 1) .
Expression of vectors in rodent cells
Expression of the genes in NIH3T3 cells was examined by Western blotting. Transformed cells from the p92dfer and scr-DFer series of clones contained substantial amounts of the appropriate gene product (Figure 6b ). In contrast, clones of cells that were not transformed contained no detectable product of the transforming gene (data not shown). Randomly chosen clones from the HuFES series contained relatively modest amounts of the proto-oncogene product (Figure 6b ), even though none of these clones gave rise to overtly transformed cells. In contrast, we were unable to detect the product of v-fps in the¯agrantly transformed cells from the series of clones generated with the v-fps vector (data not shown).
We could detect the protein products of v-fps, p92dfer and src-DFer in Rat-1A cells transformed by these genes (data not shown). We did not analyse Rat-1A cells from the HuFES series for FES protein, so we cannot account for the failure to ®nd transformation with these cells.
Transformation by p45dfer
The shorter product of DFer (p45dfer) lacks a large aminoterminal domain that is known to bind other cellular proteins (Kim and Wong, 1995) and that might be involved in either regulation of the p45dfer or other determinants of function. It seemed possible that the absence of this domain could in¯uence the potency of transformation by p45dfer. To explore this notion, we prepared a stock of pLNCX carrying cDNA for p45dfer. NIH3T3 cells infected with this vector were selected by exposure to G418 for 2 weeks. Resistant colonies (ca. 150) were pooled, propagated and examined for transformation. In parallel, the same protocol was applied to LNCX carrying cDNA for p92dfer.
Cells from the pools with both p45dfer and p92dfer displayed extensive morphological transformation (Figure 8 ). The cloning eciency in agarose of cells transformed by p92dfer was slightly higher than that of p45dfer (Table 2 ), but we regard this as within the error of the method and have not pursued it further. The pools of transformed cells contained abundant quantities of the appropriate transforming protein (data not shown). We conclude that p45dfer is a potent transforming protein, but no more so than the full length p92dfer.
Discussion
The FER gene of Drosophila melanogaster Vertebrate FER is a close relative of the protooncogene FPS/FES, but the two genes can be distinguished by the ability of FER to generate two mRNAs and two protein products Fischman et al., 1990 ). Here we report that Drosophila melanogaster contains an apparent ortholog of vertebrate FER (DFer), formerly designated dfps85D because of its resemblance to FPS/FES (Katzen et al., 1991) . In close correspondence to vertebrate FER, DFer produces two mRNAs and two proteins (p92dfer Figure 2b) .
The details of vertebrate FER were not available for comparison to DFer. But the topography of DFer bears no resemblance to that of vertebrate FPS (Huang et al., 1985) . One prominent feature of DFer is the two mRNAs apparently arise from separate initiations of transcription, separated by more than 35 kbp of genomic DNA. The possibility of independent initiations has been raised for the two mRNAs of vertebrate FER, as well .
The physiological functions of FER are not known. There are at least two clues that should prove useful in solving this puzzle. First, the kinase of p94 in vertebrate cells can be activated by a variety of extracellular stimuli, including growth factors (Kim and Wong, 1995) and the binding of IgE to its receptor on mast cells (Penhallow et al., 1995) . Thus, the kinase must participate in intracellular signalling devoted to a variety of purposes. Second, the p94 product of FER is widely expressed among vertebrate tissues (Letwin et al., 1988; Hao et al., 1989; Pawson et al., 1989) , whereas the expression of p51 is restricted to the testes, where the protein accumulates in the primary spermatocytes during prophase of the ®rst meiotic division (Keshet et al., 1990) . The signi®cance of this dierence is not known. The close similarity between vertebrate FER and DFer encourage the hope that genetic analysis of the Drosophila gene will help to reveal the physiological functions of the genes in both species. In order to explore further the function of DFer, we are conducting screens for mutants of the gene. The description of DFer and its protein products provided here will help re®ne that screen.
Expression of DFer
The expression of DFer has been studied by several means (Katzen et al., 1991 , and the present report). The results showed that both p92dfer and p45dfer are expressed in diverse tissues, in both mitotic and terminally dierentiated cells, and at various times of development. There was no hint of highly localized expression for p45dfer, in contrast to the ®ndings with the 51 kD product of vertebrate FER. But we have yet to speci®cally examine expression of DFer in the testes or in any tissues at later times in development.
The p92 FER protein of vertebrates has been described previously as being cytosolic (Letwin et al., 1988; Pawson et al., 1988; Hao, 1991) , but that conclusion was based on an extensive solubilization required for biochemical puri®cation. Another report suggested that at least a portion of the protein might be located in the nucleus by virtue of a signal sequence in the unique aminoterminal domain (Hao et al., 1991) . The signal sequence is not found in DFer and our provisional results with immuno¯uorescence indicate that the products of DFer are not located in the nucleus.
Here we report that at least portions of both p45dfer and p92dfer are partially and weakly associated with cytoplasmic membranes, rather like the FPS/FES proteins . Neither of the DFer proteins contain sequence motifs that could account for the membrane association and, thus, it is not surprising that the association is neither integral nor especially strong. We suspect that the association may not be trivial, however, because disruption occurs only at concentrations of sodium chloride in excess of physiological levels. As reported previously for other proteins (Kaplan et al., 1988) , we were able to drive all of p92dfer into a strong association with membranes by fusing it to the membrane-attachment domain of the SRC protein.
Cellular transformation by FPS/FES and DFer
The data reported here demonstrate that both of the proteins encoded by DFer can transform vertebrate cells when expressed from retroviral vectors. Moreover, the potency of transformation compared favorably with that of the related human proto-oncogene, HuFES (mammalian FER was not available for testing) and the retroviral oncogene, v-fps/v-gagfps. There were two anomalies in the results that deserve The FER gene of Drosophila melanogaster R Paulson et al note here, although neither of these compromise our conclusions. First, HuFES failed to transform rodent cells, despite its ability to vigorously transform avian cells. We have no explanation for this discrepancy, other than to note that HuFES was expressed at appreciably higher levels in the avian cells (Figure 6 and data not shown). Perhaps the levels of expression in rodent cells fell below the threshold for phenotypic eect. It is noteworthy that transformation of mammalian cells by FPS/FES requires exceptionally abundant expression of the gene (Greer et al., 1988; Feldman et al., 1989) .
Second, although v-fps readily transformed NIH3T3 cells, we failed to detect the gene product in these cells (even though viral DNA was detectable by Southern blotting). We cannot account for this failure other than to suggest that the gene might have been expressed in relatively low quantities, yet was able to transform cells because of its exceptional biological potency. Alternatively, the problem may lie with the commercial antisera, which we found to be only poorly reactive with the v-fps protein.
Dierences among the phenotypic responses to various transforming genes
Although v-fps/v-gagfps, DFer and src-DFer appeared to transform cells with similar eciencies, the phenotypic responses to these genes diered in several ways. In particular, the severity of morphological transformation varied, as did the appearance of clones in agarose, with v-fps/v-gagfps giving the most extreme phenotype in both assays, using either chicken or rodent cells (see Figures 5 and 7) . In addition, the potency of transformation by src-DFer appeared to be modestly greater than that of DFer, particularly when judged by the rapidity with which transformed cells and colonies in agar appeared.
We cannot account for these dierences in detail. Nevertheless, each of the genes has features that might in¯uence how its product interacts with cellular substrates. First, the relatively greater potency of v-fps/ v-gagfps may be due to mutations that have accumulated in the oncogene during the course of sustained biological selection for transforming and tumorigenic capacities (Foster et al., 1985) . Second, the two normal cellular genes tested, HuFES and DFer, are not exact cognates and dier appreciably from one another, as well as from the other genes used in our study. Third, src-DFer has a 14-residue aminoterminal peptide with two features that provide for tight attachment to cellular membranes (Kaplan et al., 1988; Resh, 1994) myristoylation at the aminoterminus, providing a lipophilic anchor for the protein; and a local polybasic composition that further facilitates attachment to membranes. The DFer proteins lack these features and are only loosely associated with membranes.
Myristoylation and the consequent strong attachment to membranes are essential to transformation by SRC (Kamps et al., 1985) . Moreover, transformation by various alleles of FPS/FES and v-fps is enhanced by tighter aliation with membranes (Moss et al., 1984; Woolford and Beemon, 1984) , and the membranebinding domain of SRC substantially increases transformation by FPS/FES (Greer et al., 1995) . For these reasons, we anticipated that src-DFer might be more potent than wild type DFer in transformation. The results reported here are in accord with that expectation, although the enhancement of transformation was subtle at best.
We anticipated that the large dierence between the aminoterminal domains of the two DFer proteins might in¯uence their transforming capacities in distinctive ways, particularly since the aminoterminal domain of the larger vertebrate FER protein provides a binding site for other cellular proteins that is not present in the smaller protein (Kim and Wong, 1995) . But on the evidence available here, there is no substantial dierence between p45dfer and p92dfer in the ability to transform vertebrate cells. Perhaps the fact that the two proteins are both located on cytoplasmic membranes and share both kinase and SH2 domains is of greater moment. Genetic analysis of DFer such as we intend may uncover distinctive functions for the two gene products.
Materials and methods
Cells and viruses
Chick embryo ®broblasts (CEFs), NIH3T3 mouse cells, and Rat-1A ®broblasts were propagated as described previously McMahon et al., 1991) . Chick cells were maintained at 398C in Dulbecco's Modi®ed Eagle's Medium (DME) containing 5% calf serum, 1% chicken serum and 1% dimethyl sulfoxide. Rodent cells were maintained at 378C in DME, but with 5% calf serum and 5% fetal calf serum.
For assays in soft agarose, ca. 2610 4 cells were seeded in 5 ml of DME containing 0.35% low-melting temperature agarose, overlaid on a 5 ml base of 0.7% agarose in DME. For chicken cells, the media contained 5% calf serum and 1% chicken serum; for rodent cells, 10% calf serum. Colonies in agarose were enumerated after 2 weeks.
DNA was transfected into cells following precipitation with calcium phosphate (Ausubel et al., 1990) . Viral infections were carried out in the presence of polybrene (10 mg/ml). Viral stocks were quanti®ed by either assay of reverse transcriptase (Garapin et al., 1970) or enumeration of G418-resistant colonies (McMahon et al., 1991) .
Two retroviral vectors were used, one based on the Subgroup A Schmidt-Ruppin strain of Rous Sarcoma Virus and designated RCAS-BPA (Hughes et al., 1987) , the other on Moloney Murine Leukemia Virus and designated LNCX (Miller and Rosman, 1989) . The avian virus has a single position for insertion of a foreign gene, with transcription of the entire unit driven by the promoter-enhancer of the virus proper. The murine virus has two sites for foreign genes, one occupied by the gene for resistance to neomycin and driven by the promoter-enhancer of the virus, the second available for other genes and driven by the immediate early promoter of Cytomegalovirus. Infected rodent cells were selected by exposure to G418 for 2 weeks. Preparation of infectious stocks of these vectors was performed as described previously (McMahon et al., 1991) .
Molecular cloning of DNA
The identi®cation of dfps85D and cDNAs representing it, and the sequencing of these, have been described before (Katzen et al., 1991) . The additional cDNA designated 9C13 was isolated from a cDNA library for RNA from the heads of adult¯ies (Katzen et al., 1991) . All cDNAs were
The FER gene of Drosophila melanogaster R Paulson et al sequenced on both strands of double-stranded DNA as described previously (Katzen et al., 1991) . Molecular clones of cDNAs for insertion into retroviral vectors were obtained for v-gagfps of Fujinami Avian Sarcoma Virus (Shibuya and Hanafusa, 1982) , the 92.5 kDa and 45 kDa proteins of DFer (Katzen et al., 1991 and the present report) and human FES (HuFES) (Groen et al., 1982) . Prior to insertion into RCAS-BPA, the clone for v-fps was modi®ed to remove the retroviral gag component to avoid recombination with the comparable gene in the vector proper. Removal of gag did not compromise the biological activity of v-fps (Foster and Hanafusa, 1983; Pawson et al., 1988;  and unpublished observation of the authors). The entire v-gagfps oncogene for Fujinami virus was used in the LNCX vector. An additional allele for Dfer (src-Dfer) was created that encoded an in-frame aminoterminal fusion between DFer and the ®rst 14 amino acids from the aminoterminus of the SRC protein; the initiator AUG of DFer was converted to CCG. Details of these constructions are available from the authors on request.
Characterization of the DFer genomic locus
Overlapping lambda phage clones were isolated as previously described (Katzen et al., 1991) . The phage clones were subcloned as EcoRI fragments in plasmid pUC18 and mapped with restriction enzymes. Maps of individual clones were combined to obtain a map of the entire locus. Exons were mapped by probing Southern blots of genomic phage clones with radiolabelled exonspeci®c oligonucleotides. Intron-exon boundaries were determined by sequencing genomic clones with exonspeci®c primers using [a 35 S]dATP and Sequenase (US Biochemicals) according to the protocol supplied by the manufacturer. The sizes of introns were determined in one of three ways: by direct sequencing; by sizing in 1.5% gels after ampli®cation with PCR, using primers derived from adjacent exons; or by restriction mapping.
Mapping nucleic acids with S1 nuclease
A portion of plasmid 9C13 was used to prepare the probe diagrammed in Figure 3a . The probe was generated by PCR, using an oligonucleotide primer that had been endlabelled with [a 32 P]dATP in a standard polynucleotide kinase reaction. Labelled primer (100 ng) was used in PCR reactions with 9C13 DNA (50 ng) that had been cleaved at the BamHI site in the polylinker of the vector. The resulting 345 nucleotide probe was puri®ed by electrophoresis in a 6% polyacrylamide/7M urea. RNA was prepared from dierent stages of the Drosophila life cycle as described previously (Katzen et al., 1991) . Polyadenylated RNA (10 mg) from various stages of development was hybridized with an excess of probe, hydrolysed with S1 nuclease, and fractionated by electrophoresis, all as described previously (Current Procotols in Molecular Biology, 1990).
Analysis of protein products
Cellular extracts were fractionated by electrophoresis through polyacrylamide gels and analysed by Western blotting (Current Protocols in Molecular Biology, 1990) . The analyses were normalized by placing in each lane 100 mg of protein from the original extracts. Four antisera were used: a guinea pig polyclonal antiserum raised against the unique aminoterminal domain of DFer; a rabbit polyclonal antiserum raised against the SH2 domain of DFer; and two rat monoclonal antibodies, one directed against v-fps, the other against v-fes (both from Oncogene Sciences, Inc., Uniondale, NY). Secondary antibodies against various IgG's were obtained from Amersham (donkey anti-rabbit), Boehringer-Mannheim (sheep anti-guinea pig) and Cappel (goat anti-rat). Signals were developed with the ECL kit from Amersham and quanti®ed by scanning with a densitometer.
For subcellular fractionation, cells were disrupted by hypotonic shock and Dounce homogenization, as described previously (Robbins et al., 1995) . The lysates were centrifuged at 1000 g for 10 min to remove nuclei and large debris, then fractionated by centrifugation at 50 000 g for 60 min into soluble (cytosol) and particulate (membranous organelles) fractions (Robbins et al., 1995) . The fractions were concentrated by precipitation with trichloroacetic acid prior to electrophoresis and analysis by Western blotting.
